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Superhydrophobic nanofibre membranes: effects of particulate coating on hydrophobicity
and surface properties
Jian Fang, Hongxia Wang, Xungai Wang and Tong Lin*
Centre for Material and Fibre Innovation, Deakin University, Geelong, Australia
(Received 6 March 2011; final version received 7 October 2011)
Superhydrophobic electrospun polyacrylonitrile nanofibre membranes have been prepared by surface coating of
silica nanoparticles and fluorinated alkyl silane. The coated membranes were characterised by scanning electron
microscopy, water contact angle, thermogravimetry analysis, Brunauer–Emmett–Teller, Fourier transform infrared
spectroscopy, X-ray photoelectron spectroscopy and atomic force microscopy. It was shown that the loading of
nanoparticle on the nanofibre membrane was controlled by the particle concentration in the coating solution, which
played a critical role in the formation of superhydrophobic surface. Increased particle loading led to higher surface
roughness and WCA. The nanoparticle coating had little influence on the porosity of the nanofibre membranes.
However, overloading of the particles would affect the specific surface area of the nanofibre membrane.
Keywords: superhydrophobic; nanofibres; surface coating; surface properties
Introduction
Inspired by non-stick lotus surface and other natural
plants and animals, superhydrophobic surface and the
fabrication technologies have attracted great interests in
recent decades (Sun, Feng, Gao, & Jiang, 2005). Materi-
als having a superhydrophobic surface have many novel
applications in self-cleaning, water-repellents, anti-foul-
ing, lubricating and manipulating liquid water drops. To
date, strategies to prepare a superhydrophobic surface
have been based on the use of a rough surface with very
low surface free energy (Blossey, 2003; Chiou, Lu, Guan,
Lee, & Epstein, 2007; Dorrer & Ruehe, 2008; Sun et al.,
2005), which follows the basic wetting styles of either
Wenzel (1936) or Cassie and Baxter (1944). For example,
a rough surface can be created by physical or chemical
processes, such as moulding (Bico, Marzolin, & Quere,
1999), layer-by-layer assembly (Zhai, Cebeci, Cohen, &
Rubner, 2004), lithography (Pacifico, Endo, Morgan, &
Mulvaney, 2006), acid treatment (de Givenchy et al.,
2009), chemical etching (Qian & Shen, 2005), electro-
chemical oxidation (Tsujii, Yamamoto, Onda, & Shibui-
chi, 1997), sol–gel processing (Wang et al., 2008) and
electrospinning (Tuteja, Choi, McKinley, & Cohen,
2008). To decrease the surface free energy, fluorinated
polymers or silica-based chemicals are typically applied
to the surface (Lafuma & Quere, 2003; Zhai et al., 2004).
Recently, polymer nanofibres have been explored
extensively because of their extremely high surface-
to-volume ratio, highly porous structure with excellent
pore interconnectivity and flexibility to be functionalised
via the electrospinning process (Andreas & Joachim,
2007; Subbiah, Bhat, Tock, Parameswaran, & Ramku-
mar, 2005). These excellent characteristics have led to
enormous potential for electrospun nanofibre membranes
to be used in areas as diverse as tissue engineering scaf-
folds, drug delivery carriers, wound dressings, filters,
catalysts, sensors and battery separators (Fang, Niu, Lin,
& Wang, 2008). For most of the applications, the surface
wettability plays an important role in determining the
nanofibre functionalities. To this end, nanofibre mem-
branes having controlled surface wettability will be
highly preferred. Several attempts have been made to tai-
lor the surface wettability of electrospun nanofibre mem-
branes to suit varied requirements (Yoon, Moon, Lyoo,
Lee, & Park, 2009); and electrospun membranes having
either superhydrophobic or superoleophobic characteris-
tic or both have been reported.
Superhydrophobic electrospun membrane was first
reported by Jiang, Zhao, and Zhai (2004). They found
that the surface of a beaded nanofibre mat showed bet-
ter hydrophobicity than a mat of uniform nanofibres.
Although a normal hydrophobic polymer, polystyrene,
was used, water contact angle (WCA) of the beaded
nanofibre mat could reach 162.1. The nano-sized
protuberances and cavities on polymer beads make
beads-on-string structures desirable to obtain superhy-
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drophobicity. Similar results were also found on other
hydrophobic polymers, such as poly(dimethylsiloxane)
and fluorinated polymers (Han & Steckl, 2009; Menini
& Farzaneh, 2008; Singh, Steely, & Allcock, 2005).
Besides beaded fibre surfaces, a superhydrophobic sur-
face was also achieved on the uniform fibres (Xue
et al., 2009). However, most of the rough surfaces have
to be introduced either via adding nano-sized fillers
(Lim, Yi, Moon Jun, Heo, & Yang, 2007) or creating
tiny pores on the nanofibre surface (Ma et al., 2007). In
some cases, the nanofibre mat was also coated with a
low free energy compound, mostly fluorinated alkyl
silane (FAS; Ding, Ogawa, Kim, Fujimoto, & Shiratori,
2008; Tang, Wang, & He, 2009). This method can even
convert a hydrophilic nanofibre membrane into a super-
hydrophobic one (Ding et al., 2006). On the other hand,
the formation of rough surfaces via solution coating of
nanoparticles on electrospun nanofibres has received
little attention. The main concern is the aggregation of
nanoparticles on the nanofibre surface, which could
lead to reduced pore size and surface area. However, no
experimental evidence has been reported to verify this.
In this paper, we have demonstrated a simple way
to render electrospun nanofibre membranes superhy-
drophobic through a silica nanoparticle coating fol-
lowed by a fluorinated silane treatment. The treated
nanofibre membranes had a WCA of 156. Nanofibre
membrane’s surface morphology and specific surface




Polyacrylonitrile (PAN; Mw 86,200 g/ml) and tetraethyl-
orthosilicate (TEOS) were purchased from Sigma-
Aldrich (Sydney, Australia). Ammonia solution (25%
NH3 in water) was obtained from Merck (Mebourne,
Australia). Ethanol (analytical reagent) and N,N-
dimethyl formamide (DMF) were sourced from Ajax
Finechem (Sydney, Australia). Tridecafluorooctyltrieth-
oxysilane (FAS (Evonik Degussa, Sydney, Australia),
Dynasylan F8261) was kindly supplied by Degussa and
all chemicals were used as received.
Electrospinning
A purpose-built electrospinning apparatus (Lin, Wang,
Wang, & Wang, 2004) was used to produce PAN nanofi-
bres. PAN–DMF solution (7wt.%) was put into a 5ml
plastic syringe, which was connected to a high voltage
power supply (ES30P, Gamma High Voltage Research)
through a metal syringe needle (21 Gauge). The as-spun
fibres were collected on an aluminium foil wrapped
around a grounded and rotating metal drum (100 rpm).
The drum was placed 15 cm away from the tip of the
needle and the flow rate of the polymer solution was
controlled at 1ml/h by a syringe pump (KD Scientific,
Holliston, MA, USA). All electrospinning processes
were conducted with an applied voltage of 18 kV. The
nanofibres produced from this process have an average
diameter of 197 ± 21 nm and the nanofibre membranes
used for further surface treatments were about 300lm in
thickness.
Synthesis of silica nanoparticles and coating process
TEOS-ethanol solution (5ml in 25ml ethanol) was
mixed with ammonium hydroxide–ethanol solution
(6ml 25% NH3H2O in 25ml ethanol) and stirred
intensively at room temperature. Six pieces of electro-
spun PAN nanofibre membranes were dip-coated in
as-synthesised silica nanoparticle-based coating solu-
tion at 10, 20, 30, 40, 50min and 1 h after mixing.
After drying at room temperature, the as-coated
nanofibre membranes were immersed into 5% (v/v)
FAS-ethanol solution for 10min, and dried at room
temperature again. The treated nanofibre membranes
were finally cured in oven at 110 C for 1 h.
Characterisations
The morphologies of electrospun nanofibres were
observed with a LEO 1530 scanning electron microscope
and fibre diameter was calculated using an image pro-
cessing software (Image Pro-Plus 4.5, Media Cybernetics
Co., Santa Clara, CA, USA). Brunauer–Emmett–Teller
(BET) testings were carried out using a Quantachrome
Autosorb-1 (Quantachrome Instruments, Boynton Beach,
Florida, USA) instrument equipped with the software
Autosorb for Windows Version 1.24. Membrane sam-
ples weighed in the range from 40 to 170mg, and all
samples were outgased at 90 C. Fourier transform infra-
red spectroscopy (FTIR) spectra were recorded by a Bru-
ker Vertex 70 FTIR (Ettlingen, Germany) in ATR mode.
All tests were carried out in a controlled environment,
20 ± 2 C and 65± 2% relative humidity. X-ray photo-
electron spectroscopy (XPS) data were acquired using a
Kratos AXIS Ultra DLD X-ray Photoelectron Spectrom-
eter incorporating a 165mm hemispherical electron
energy analyser and analysed by the CasaXPS software.
Atomic force microscopy (AFM) images were taken by
a DualScope DS 45-40 scanner (Danish Micro Engineer-
ing, Copenhagen, Denmark) with a scan size of
10 10lm. All FTIR, XPS and AFM results were based
on nanofibre membranes before coating and after coating
with a solution containing 6.4mg/ml silica nanoparticles.
WCAs of nanofibre membrane surfaces were measured
using a contact angle meter (KSV CAM 101 KSV
Instruments Ltd., Espoo, Finland). The air permeability





























of the nanofibre membranes was tested on a FX 3300
Air Permeability Tester (TEXTEST Instruments,
Schwerzenbach, Switzerland).
The concentrations of silica nanoparticles in the reac-
tion solution were determined by centrifuging using a
microcentrifuge (Eppendorf 5417R, Sydney, Australia)
(Blute, Pugh, Van De Pas, & Callaghan, 2009). For
every 10min after mixing the reactants, a 2ml sample
was taken from the solution and loaded into a microcen-
trifuge tube rapidly. After centrifuging for 8min at a
speed of 16,400 rpm at 10 C, the cloudy solution
became transparent and the precipitated particles were
separated from solution and dried in an oven. Six sam-
ples were taken from the hydrolysis solution, the weight
of the empty tube (w1) and the weight of tube containing
dry particles (w2) were measured, and the concentration
(c) of particles was calculated by equation:
c ¼ w2  w1
2
g=ml: (1)
The particle loadings on the nanofibre membranes
were calculated from thermogravimetry analysis (TGA)
curves (Netzsch 409PC Luxx DSC, 20 C/min, nitrogen
atmosphere). During TGA analysis, PAN nanofibres
were converted to carbon fibres at 1000 C, and the res-
idue of coated membranes contained carbon fibres and
silica nanoparticles. The residual percentage of coated
membranes (B), can be calculated from equation:
mSilica þ A mPAN
mPAN þ mSilica ¼ B; (2)
where A is the productivity of carbon fibres from PAN
nanofibres. mSilica and mPAN represent the mass of par-
ticles coated on the membrane and the mass of PAN
nanofibres in coated membrane, respectively.
The porosity (PorosityF) of the uncoated nanofibre
membranes was calculated by the following Equations
(3) and (4). Since the silica nanoparticle coating have
very limited influence on membrane thickness, the
porosity of the coated nanofibre membrane was equal
to the difference between PorosityF and the volumetric












Material densities of PAN and silica are 1.18 and
2.6 g/cm3, respectively.
Results and discussion
Silica nanoparticles used for surface coating were pre-
pared through hydrolysis-condensation of silane under
an alkaline condition. Upon mixing TEOS with
ammonium hydroxide in ethanol, the TEOS started
hydrolysing to form sphere-like nanoparticles. The as-
hydrolysed solution containing silica nanoparticles
was directly applied onto nanofibre membranes via a
dip-coating technique. The surface morphology of the
coated nanofibre membranes is shown in Figure 1.
Based on these scanning electron microscopy
(SEM) images, the silica nanoparticle size can be cal-
culated and the result is shown in Figure 2. After
10min of hydrolysis, the average particle size was
about 80 nm, and the size increased to around 170 nm
after one hour of reaction. It was noted that the
increase in the particle size happened much faster in
the first half hour. In the second half hour, the average
particle size increased by only 28 nm (from 146 to
174 nm).
The particle concentration in the coating solution
was estimated based on the weight of particles centri-
fuged from the solution. The dependency of the parti-
cle concentration on the hydrolysis time is also shown
in Figure 2. The particle concentration increased line-
arly with the reaction time. At 10min, the particles
were very low in concentration (1.1mg/ml), and the
concentration increased to 12.2mg/ml in the next
50min of reaction. It was expected that the particle
concentration increased continuously until the TEOS
was consumed completely, while the particle size kept
constant after reaching 170 nm at about 50min.
Since the hydrolysis time is an important factor
affecting the size and concentration of the resultant
silica nanoparticles, the coating solution prepared after
different hydrolysis time could lead to different coat-
ing morphologies, thus resulting in different surface
wettabilities. It was observed that the concentration of
the silica nanoparticles had a noticeable influence on
the coating morphology. As shown in the SEM images
in Figure 1, particles were observed to agglomerate on
the nanofibre surface. The coating varied in morphol-
ogy as determined by the nanoparticle content in the
coating solution. For the solution containing 1.1%
nanoparticles, very few particles were observed to stay
on the surface of the nanofibres (Figure 1(a)). The sur-
face that was covered by the nanoparticles was small,
and the nanoparticles were trapped mainly in the inter-
section area of the nanofibres. It is worth mentioning
that the fibre morphology and porous structure of the





























nanofibrous membrane were maintained, which is con-
sistent with a previous report (Ding et al., 2008).
For the PAN nanofibre membrane used in our
experiment, it absorbed about 20 times coating
solution of its dry weight. When the solution contained
more particles, which came from longer hydrolysis
time, more nanoparticles were loaded on both the inter-
section spaces as well as the nanofibre surfaces. Higher
nanoparticle loading could also lead to blockage of the
pores in the nanofibre membrane (Figure 1(f)).
TGA can be used to estimate particle loading on
nanofibre membranes due to the coating treatment. As
shown in the curve 1 in Figure 3, the weight loss after
TG scan does not reach 100%, because PAN is
converted to pure carbon at a temperature of about
1000 C (Liu, Yue, & Fong, 2009). The pure PAN
Figure 1. SEM images of electrospun PAN nanofibre membranes coated by silica nanoparticle solutions with different
periods of hydrolysis time (a, 10min; b, 20min; c, 30min; d, 40min; e, 50min, f, 60min), and a silica nanoparticle-coated
membranes with (g) and without (h) FAS coating.
Figure 2. Effects of hydrolysis time on silica particle size
and particle concentration.





























nanofibres retained about 44% of their original mass
after the heat scan, which was similar to other reports
on the pyrolysis of electrospun PAN nanofibre (Kim
et al., 2004, 2007). According to Equation (2),
different mSilica=mPAN ratios were easily calculated and
listed in Figure 3 as well. The coating load increased
with an increase in the particle concentration. At a
higher concentration, the particles could easily fill the
gaps between fibres, thus considerably increasing the
particle loading.
Upon coating a thin layer of the FAS on the nano-
particle-loaded nanofibre membrane, the surface
showed a very high WCA but very limited change on
surface morphology (Figure 1(g) and (h)). The WCAs
of all nanofibre membranes after silica nanoparticle
and FAS treatments were shown in Figure 4. Higher
nanoparticle loading resulted in membranes with
higher WCAs. When the silica nanoparticle loading
was higher than about 15% of the weight of the mem-
brane, the resulting coating surface after FAS treatment
became superhydrophobic and the contact angle could
reach as high as 156.3 (digital image of a water drop-
let is shown in Figure 4). Meanwhile, the sliding angle
gradually decreased from 30.2 to 19.8, suggesting
that it is easier for water droplets to roll off the nanofi-
bre membrane surface.
To understand the effects of the nanoparticles and
FAS, WCAs of the PAN nanofibre membranes without
any treatments and treated by only one material were
measured. The WCA for the pure PAN nanofibre
membrane was 109.1, which was much higher than
that of a dense and smooth PAN cast film (60.5).
Although the PAN nanofibre membrane was hydro-
phobic, water drop could only stay on the membrane
surface for up to 5 s before it spread, therefore the
PAN nanofibre membrane surface was in a metastable
hydrophobic state. By comparison, the nanofibre
membrane just coated with FAS showed increased
hydrophobicity with a WCA of 137.2, which was
also higher than that of FAS-coated PAN cast film
(105.2). Water drop could stand on the FAS-coated
nanofibre membrane surface for a long time without
spreading onto the membrane. The increased surface
hydrophobicity can be explained by the reduced sur-
face free energy as a result of the FAS surface layer.
Apparently, only reducing the surface free energy was
not enough to form a superhydrophobic surface, which
has already been proven by other researchers (Erbil,
Demirel, Avci, & Mert, 2003; Nishino, Meguro, Naka-
mae, Matsushita, & Ueda, 1999). On the other hand,
if the nanofibre membranes were just coated with sil-
ica nanoparticles, without the FAS layer the contact
angles were always lower than 150. As also shown
in Figure 4, the contact angle was increased only from
126.1 to 130.2 with the increase in nanoparticle
loading. Water droplets stuck to the membranes and
did not roll off even when the membranes were
vertically placed.
To exclude the possible influences from other un-
reacted chemicals in the coating solution, the silica
nanoparticles were separated from the coating solution
through filtration and vacuum drying, and then
re-dispersed to make coating solutions of the same
concentrations. These solutions were applied onto
nanofibre membranes using the same procedures,
which resulted in wettability values similar to those
from direct coating. The highest WCA for the nanofi-
bre membrane after the pure particle coating and the
particle/FAS coating were 132.3 and 157.1, respec-
tively. It can be concluded that the superhydrophobic-
ity came from the overall functions of silica
nanoparticles and FAS.
Figure 3. Weight loss and calculated particle loading (in
weight) of the PAN nanofibre membranes before and after
coating with silica nanoparticles.
Figure 4. Effects of the particle loadings on WCA and
sliding angle of the nanofibre membranes (contact angle of
pure PAN nanofibre membrane coated with FAS was 137.2
± 0.2).





























It was also found that the nanoparticle coating con-
siderably influenced the specific surface area and por-
ous feature of the electrospun membranes. The specific
surface area was measured by BET nitrogen adsorption
method and shown in Figure 5. At a low nanoparticle
loading, the surface area was significantly increased.
Higher particle concentration led to reduced surface
area. When the particle concentration was higher than
10mg/ml, the specific surface area was even lower than
that of the same membrane without any coating. The
highest specific surface area (98.6m2/g) was found for
the nanofibre membrane that was loaded with 1.8% sil-
ica nanoparticles. Such a high surface area is probably
because of the small amount of particles on the nanofi-
bre surface. With the increase in particle concentration,
much more particles would fill the spaces between the
fibres. So the total specific surface area was not the
combination of those of the nanofibres and the nanopar-
ticles, but rather the aggregation state of the fibres and
the particles. When the particle loading reached about
24.4%, the specific surface area (33.7m2/g) was actu-
ally lower than that of the uncoated nanofibre mem-
brane (34.7m2/g).
As shown in Table 1, the air permeability of the
uncoated nanofibre was 0.151 cm3/cm2/s. After coating
with silica nanoparticles, the air permeability decreased
gradually with increasing the nanoparticle loading.
When the loading was 36.6%, the permeability reduced
to 0.091 cm3/cm2/s. However, the porosity of the
Figure 5. Effect of nanoparticle loading on the specific
surface area of PAN nanofibre membranes.
Table 1. Air permeability and porosity of nanofibre
membranes.








Figure 6. (a) FTIR, (b) XPS survey and (c) high resolution
XPS C1s spectra of PAN nanofibre membranes.





























membranes almost remained unchanged. This is proba-
bly because the silica nanoparticles mainly stayed only
on the surfaces of the nanofibre membranes. As a
result, the internal porous structure was little affected.
Apart from the WCA and porous feature, the
coated nanofibre membranes were also characterised
by FTIR and XPS. The FTIR spectra of PAN nanofibre
membranes before and after the coating treatment are
shown in Figure 6. New peaks at 1087 and 810 cm1
appeared due to the Si–O–Si asymmetric and symmet-
ric vibrations, respectively. Coating FAS to the nano-
particle-coated nanofibres introduced another two
peaks at 1200 and 1145 cm1, which are the character-
istic of C–F stretching vibrations.
The XPS survey spectra of PAN nanofibre mem-
branes before and after the surface treatments are also
shown in Figure 6. The un-treated PAN nanofibres only
showed the elements C and N in the spectrum with an
atomic ratio of 1:0.26. After coating with silica nano-
particles, elements O and Si appeared on the surface,
and the surface had a C:O:Si ratio of 1:1.85:1.11 (mol/
mol). Coating FAS introduced the element F into the
spectrum, which can be clearly seen from the XPS
spectrum (Figure 6), and the molar ratio between C and
F was 1:0.93. Figure 6 also gives the high-resolution
XPS C1s spectra of the PAN nanofibre membrane after
nanoparticle/FAS coating treatment. The binding ener-
gies of 293.7, 291.6, 287.5 and 284.9 eV are typical for
–CF3, –CF2, –CO and –CH moieties, respectively,
suggesting fluorinated alkyls covering on the sample
surface.
AFM was used to confirm the increase in surface
roughness. The typical AFM images for the pure PAN
and the silica-coated membranes (particle loading,
14.3%) are shown in Figure 7. Relatively smooth
fibres are clearly seen on the pure PAN nanofibre
membrane and much roughened surface with particu-
late structure is shown on the coated membrane. The
surface roughness calculated based on the AFM
images was 200 nm for the pure PAN nanofibre
membrane, and 310 nm for the nanoparticle-coated
PAN nanofibre membrane.
According to the Cassie’s state, air bubbles trapped
between liquid droplets and solid substrate contribute
to the contact angle. The more the air trapped, the lar-
ger the contact angle value will be. Equation (5)
reveals the relationship between the contact angle on a
flat surface (h) and a rough surface (hCB),
cos hCB ¼ f1 cos h f2; (5)
where f1 and f2 are ratios of solid surface and air in
contact with liquid, respectively. Based on the WCAs
of FAS-coated flat PAN film (105.2) and nanoparti-
cle/FAS-coated nanofibre membrane (154.3), f2 was
calculated to be 0.865, which suggested only 13.5%
of the solid surface under the water droplet was actu-
ally in contact with water, and the rest 86.5% surface
was covered with air bubbles trapped by the rough
surface.
Conclusions
We demonstrated a simple and straightforward method
to fabricate superhydrophobic electrospun nanofibre
membranes. A surface coating was used to apply silica
nanoparticles on electrospun PAN nanofibres which
were subsequently covered with a thin layer of FAS.
After the coating treatments, the nanofibre membrane
surface exhibited superhydrophobicity because of the
very low surface free energy along with the high
surface roughness. It was found that increasing the
particle loading led to higher WCA. When the nano-
particle loading was over 14.3%, the silica nanoparti-
cles formed a superhydrophobic surface without
reducing the specific surface area of the nanofibre
membrane. The subsequent FAS treatment on the
rough membrane surface resulted in a superhydropho-
bic membrane with a contact angle as high as 156.3.
When the loading range was less than 25%, nanoparti-
cle coating showed little influence, and even increased
specific surface area of the nanofibre membranes.
Silica nanoparticle/FAS surface coating may form a
simple effective method to impart nanofibre membrane
with superhydrophobicity and increased specific
surface area. The resultant superhydrophobic nanofibre
membranes are water repellent and porous; they can
have many potential applications in oil/water separa-
tion and water purification.
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Figure 7. AFM images of (a) pure PAN and (b) silica
nanoparticle-coated PAN nanofibre membranes.
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